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Editorial
This Special Issue of AMPERE Newsletter is
dedicated to a potentially major trend in the
contemporary microwave-heating technology,
namely the insertion of solid-state microwave
sources to the microwave heating market
(dominated so far by magnetron vacuum tubes).
Transitions from vacuum tubes to solid-state
electronics had already occurred decades ago in
the areas of communication, computers and
control (C3), hence one may wonder whether
such full transition should be expected as well
in the microwave heating field, or would it be
limited to specific applications and segments.
The solid-state microwave heating (S2MH)
technology offers several advantages over
magnetrons, in various microwave heating
applications. The new S2MH features include
frequency and phase variability and control, low
input-voltage requirements, compactness and
rigidity, reliability, and better compatibility with
other electronic circuitry (and with the Internetof-Things in the future). On the other hand,
S2MH generators are more sensitive to power
reflections (unless protected by expensive ferrite
isolators), and their efficiency is yet lower than
that of magnetrons. The full utilization of the
S2MH advantages (e.g. the frequency variation
during the process) requires higher levels of
system design and process control (note that
sometimes resonance tracking may couple to
hotspots and cause damage).
Though technology-wise the S2MH solution
might be preferable in various applications, the
main question has remained the expected price
gap. The cost predictions are yet subjected to
uncertainties, such as the market response to the
new technology and the level of mass demand
for the S2MH products.
Advanced technologies, despite their great
appeal, have not been always adopted by the
markets. Besides successful technologies that
became part of our everyday life (such as the
internet and its various applications, the mobile
phone, personal navigators, and alike), the
history has also noted some colossal rejections
of promising technologies. One example is the
supersonic passenger airplane technology (e.g.
the grounded Concord visited in the AMPERE-

2011 tour in Toulouse), which represents a
proven technology that failed eventually,
despite its great advantages, and is still hopedfor taking off one day (so the IMPI meetings in
the US would be more accessible to AMPERE
members, and vice versa…).
A comprehensive evaluation of the present
opportunities in S2MH shall not also ignore the
history of this field, initiated back in the late
60's of the previous century. The main S2MH
principles had already been stated 3-4 decades
ago, and were demonstrated by S2MH devices at
least 10 years ago (see, e.g., our presentation on
transistor-based microwave heaters at IMPI-40
in 2006). The article by Eli Schwartz in this
Issue spans the documented 45-year history of
the S2MH field. This review raises intriguing
questions. Since the S2MH possibility was
basically known and feasible years ago, why
hasn’t it been adopted much earlier as in C3 ?
Maybe the good old magnetron, after all, is a
more practical solution for basic heating needs ?
These questions already intrigued 30 years
ago the Editors of the Journal of Microwave
Power and Electromagnetic Energy (JMPEE).
In 1986, they published a feature titled "Solid
State Microwave Ovens" (JMPEE, Vol. 20, pp.
185-191, 1986). The following section therein
seems for instance as written today:
"…

…"
2

AMPERE Newsletter

Issue 89

Despite the careful assessment of the JMPEE's
Editors in 1986, their forecast for S2MH devices
in the markets by the end of the 20th century was
not materialized.
Thirty years later, we also invited John F.
Gerling – the son – to review potential new
applications of solid-state microwave heating.
In some of them, however, the solid-state
solution does not only provide an added value
but basically enables the new application (e.g.
automotive ignition). The necessity of solidstate implementation in these new applications,
which cannot be realized in practice by
magnetrons, leads to an optimistic evaluation
regarding S2MH in these new segments, which
expand the existing microwave-heating field.
The RF Energy Alliance (RFEA) activities,
advancing the next generation microwave
heating applications, are introduced in this issue
in an article by the RFEA Director, Dr. Klaus
Werner. Design considerations of solid-state
heating with advanced RF-power solutions are
presented in another article by Gregory Durnan.
The transition from vacuum tubes to solidstate electronics is also characterized by the
different engineering methodologies and skills
required. While working with vacuum tubes
seems sometimes as an "art", involving intuition
and gut feelings, the S2MH technology initially
requires computer modeling for the design of
the dynamic microwave-heating mechanism and
its control. Prof. Vadim Yakovlev presents
several aspects of S2MH modeling in his article.
Various applications demonstrating the
2
S MH potential are presented in this issue.
Plasma generation using solid-state microwave
devices is introduced in the article by Dr.
Kostiantyn Achkasov. Solid-state microwave
cooking is comprehensively discussed on the
system level by Robin Wesson. And, the
potential of localized-S2MH is introduced by
Yehuda Meir. The Afterthought column of Prof.
Ricky Metaxas wraps up this Special Issue with
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the perspective view of a renowned microwaveheating pioneer on the new S2MH possibilities.
Yet, several significant aspects are not
sufficiently discussed in this issue. These
include the competition between GaN and
LDMOS technologies, and whether – beyond
the cost barrier affected by the market volume –
the GaN wouldn't be a better choice for the
microwave-heating community to adopt (or,
maybe, instead of parasite adoption, this field
deserves microwave sources originally designed
for microwave-heating purposes, rather than for
radar or mobile applications). Another point to
consider is the interest of the microwaveheating community in preserving the magnetron
as a low-cost commodity, steadily available in
the future at the present low cost levels for lowend applications (using advanced switchedmode power supplies). The new S2MH trend
also raises other economical, sociological, and
cultural issues that deserve separate discussions.
Without taking a risk of prophecy, it seems
now that the microwave-heating community is
facing a new era, in which S2MH solutions will
play dominant roles at least in new applications.
These will hopefully expand the microwaveheating field to new areas of industrial,
domestic, medical, environmental, and automotive applications. New engineering methodologies will have to be developed and taught in
order to effectively utilize solid-state devices in
microwave-heating systems. This evolving trend
opens a new window of opportunities for the
S2MH technology, thanks to current industrial
initiatives and to pioneering contributions by
prior innovators in the last decades.
Eli Jerby
AMPERE Newsletter Editor
Tel Aviv University
E-mail: jerby@eng.tau.ac.il
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Historical Notes on Solid-State Microwave Heating
Eli Schwartz
Microwave-Energy Laboratory, Faculty of Engineering, Tel Aviv University
E-mail: mail2eli.s@gmail.com

The use of solid-state microwave generators for
heating was already proposed in the late sixties
of the previous century. In 1971, McAvoy was
granted the first patent on the “solid state
microwave oven”1. This invention was followed
in the seventies by several other patents related
to the various aspects of solid-state microwave
heating. In 1972, Cheng patented the “solid state
microwave heating apparatus”2, in which the
cavity walls also functioned as the heatsink of
the solid-state devices radiated by dipole
antennas. In 1975, Ohtani patented the “hybrid
microwave heating apparatus”3, combining the
conventional magnetron as a high-power source
with auxiliary solid-state devices in order to
attain better heating uniformity.
In 1977, Dehn patented the “microwave
heating apparatus with improved multiple
couplers and solid-state power source”4. This
patent presented a cut-off of tubular housing for
mounting multiple solid-state oscillators using
micro-strip circuitry. The couplers were
longitudinally spaced and angularly staggered
so that the energy was coupled to different
regions. In 1976, Bickel patented the “solidstate microwave oven power source”5, which
incorporated plurality of high-power oscillators.
This scheme was the first to employ negativeresistance transistors combined to produce
phase-lock operation for heating purposes.
In 1980, Mackay granted two patents
referring to “controlled heating microwave
ovens using different operating frequencies" 6,7.
These patents presented a frequency agile
microwave source for energizing the oven
cavity in an optimal spatial pattern. The
frequencies at which the oven’s cavity was
energized were selected by the control system in
order to obtain improved heating uniformity by
superimposing various heating patterns. These
pioneering inventions, already patented by the
year 1980, were followed by additional patents
as partially listed in Table 1 and illustrated in
Figs. 1 and 2.

The first archived papers on solid-state
microwave heating were published in 1979 by
Mackay, Tinga and Voss8. The main obstacles
encountered in these early studies were the
relatively high cost, low power and poor
efficiency of the solid-state generators available
then as compared to magnetrons9.
In the early 2000’s, the laterally-diffused
metal-oxide
semiconductor
(LDMOS)
technology became mature and cost-effective, in
particular for the market segment of cellular
communication base-stations. The demands for
high-power, low-cost LDMOS transistors for
the huge mobile-phone market have also paved
the way to embed LDMOS transistors into
microwave-heating applications, with the
expectation to be almost competitive with the
pricing of conventional magnetron systems.

Figure 1. A frequency control scheme for solid-state
microwave ovens [Nobue, US pat. 4415789, 1983].

Figure 2. Distributed microwave radiators for heating
applications [Page, US pat. 5558800, 1996].
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Table 1. A partial list of patents on solid-state microwave heating since 1971
Year

Title

Inventor

Patent No

1971

Solid-state microwave oven

Bruce R. McAvoy

US 3557333

1972

Solid-state microwave heating apparatus

Kern K. Cheng

US 3691338

1975

Hybrid microwave heating apparatus

Tetsuro Ohtani

US 3867607

1977

Microwave heating apparatus with improved
multiple couplers and solid-state power source

Rudolph A. Dehn

US 4006338

1978

Solid-state microwave oven power source

Samuel H. Bickel

US 4097708

1980

Controlled heating microwave ovens

Alejandro MacKay

US 4196332

1980

Controlled heating microwave ovens using different
operating frequencies

Alejandro MacKay

CA 1081796

1983

Microwave oven having controllable frequency
microwave power source [Figure 1]

Tomotaka Nobue

US 4415789

1985

Microwave heating apparatus with solid-state
microwave oscillating device

Hisashi Okatsuka

US 4504718

1995

Microwave oven, in particular for rapid heating to
high temperature

Patrick Jackuault

US 5420401

1995

Solid-state microwave generating array material,
each element of which is phase controllable, and
plasma processing systems

Jerome J. Cuomo

EP 0459177

1996

Active RF cavity including a plurality of solidstate transistors

Bernard R. Cheo

US 5497050

1996

Microwave power radiator for heating
applications [Figure 2]

Derrick J. Page

US 5558800

2004

Microwave heating using distributed semiconductor
sources

Peter Handinger

US 20040206755

2010

Microwave oven switching between predefined
modes

Ulf E. Nordh

US 20100155392

2011

Microwave heating apparatus [Figure 4]

Tomotaka Nobue

US 20110108548

2013

Microwave oven with antenna array

Ranjit Gharpurey

US 20130175262

2015

Microwave oven using solid-state amplifiers and
antenna array

Jose A. Lima

US 20150136760

2016

Versatile microwave heating apparatus

Olle Niklasson

US 9332597
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A solid-state microwave heater for loads of
~10-cc volume was presented in 2006 at IMPI40 by Schwartz et al.10. This laboratory heater,
shown in Figs. 3a,b, introduced the first use
known to the author of an LDMOS amplifier for
microwave heating purposes. The positive
feedback scheme employed in this device adapts
the oscillation frequency to the load variation in
the frequency domain due to the temperature
increase, as shown in Fig. 3c. This scheme was
found also useful for localized-microwave
heating (LMH) induced by solid-state
applicators, such as various microwave
drills11,12 and metallic fuel igniters13.
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More recently, techniques for efficiency
improvement were investigated by Korpas14,
and by Imiatez15 for healthcare applications.
Advanced techniques, applying algorithms to
control the frequency and phase in order to
optimize the efficiency, were studied in GaN16.
Multiple source analyses, in order to control the
heating pattern, were presented by Yakovelev17.

(a)
Figure 4. A two-stage microwave oven scheme [Nobue,
US pat. US 20110108548, 2011]

(b)

(c)

Figure 3. A transistor-based microwave heater10 [Schwartz
et al. 2006]: (a) The positive-feedback scheme, (b) the
device, (c) the resonance shift with the temperature.

Despite the evident technological feasibility
of the solid-state technology for microwave
heating, as reflected in the literature since the
first patent in 1971, the magnetron vacuum tube
has dominated this field for over five decades.
Only recently, the potential market value of
solid-state microwave heating systems, in
particular for domestic microwave-ovens,
triggered several companies to develop, patent
and commercialize this technology. In 2013, RF
Dynamics Ltd. (renamed to Goji) reported the
development of a solid-state microwave oven
and claimed then to achieve a quick, precise and
efficient cooking system18. A commercial
demonstrator of a solid-state oven was also
announced in 2015 by Freescale/NXP19,20.
Although LDMOS technology is the most
commonly used for high power solid-state
devices, the noticeable performance advantages
of the continually improving and growing GaN
technology is being the trigger to pursue for
low-cost high-volume manufacturing. Lately, at
the IMS-2016 exhibition in San Francisco,
several companies presented mature GaN
devices; MACOM presented a GaN-on-silicon
amplifier for 2.45-GHz CW ISM applications,
with 300-W saturated power and manufacturing
capabilities for 8” wafers. Other GaN devices
from AMPLEON, QORVO, INFINEON, NXP,
and RFHIC, have also been presented. Heating
applicators based on GaN devices, presented
mostly for cooking, are yet not available for
6
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consumers and high-volume manufacturing, but
they indeed demonstrate the technological
capabilities. NXP presented 900-mL batteryoperated portable heater based on a 200-W
LDMOS device. MACOM and MIDEA also
presented a microwave-oven based on a 300-W
GaN device, designed to provide homogeneous
field pattern inside the cavity.
It appears that the solid-state microwave
heating technology is promising and compelling
to replace the conventional magnetron tubes
sometime in the near future. This trend is
justified mainly by the small form factor, the
low operating voltage, and the ability to
precisely control the phase and frequency in
order to obtain better heat distribution.
GaN devices present noticeable advantages
over the LDMOS technology especially at 2.45GHz and higher frequencies, and it seems to be
the dominant device for solid-state heating
applications in future. Its main advantages are
the high breakdown voltage, higher efficiency,
and higher gain and power density. Its main
obstacle is yet the high price, though it is
gradually being reduced. These days, according
to MACOM, the GaN price is becoming
competitive to the common LDMOS costs.
The goal of having a significant market share
for the solid-state heating systems will be
achieved by reducing the price gap between the
magnetron and the LDMOS/GaN devices. Once
this cost target will be achieved, the microwave
heating technology will become ubiquity. The
heating and cooking with solid-state microwave
ovens will be more precise, more controllable,
and much more fascinating.
For further reading:
1. B. R. McAvoy, "Solid state microwave oven," US
Patent 4097708, Jan 21, 1971.
2. K. K. Cheng, “Solid state microwave heating
apparatus,” US Patent 3691338, Sep 12, 1972.
3. T. Ohtani, “Hybrid microwave heating apparatus,” US
Patent 3867607, Feb 18, 1975.
4. R. A. Dehn, “Microwave heating apparatus with
improved multiple couplers and solid-state power
source,” US Patent 4006338, Feb 1, 1977.
5. S. H. Bickel, “Solid state microwave oven power
source,” US Patent 4097708, Jan 27, 1978.
6. A. B. MacKay, “Controlled heating microwave
ovens,” US Patent 4196332, Apr 1, 1980.
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7. A. B. MacKay, “Controlled heating microwave ovens
using different operating frequencies,” CA Patent
1081796, Jul 15, 1980.
8. A. B. Mackay, W. R. Tinga, W. A. G. Voss,
“Frequency agile sources for microwave ovens,” Jour.
Microwave Power & Electromagnetic Energy, Vol.
14, pp 63-76, 1979.
9. W. A. G. Voss, “Solid state microwave oven
development,”
Jour.
Microwave
Power
&
Electromagnetic Energy, Vol. 21, pp 188-189, 1986.
10. E. Schwartz, A. Anaton, D. Huppert, and E. Jerby,
“Transistor-based miniature microwave heater," Proc.
IMPI 40th Int'l Microwave Symposium, Boston, Aug,
9-11, 2006, pp. 246-249.
11. O. Mela, E. Jerby, “Miniature transistor-based
microwave drill,” Proc. Global Congress Microwave
Energy Applications (GCMEA-1), Otsu, Japan, 2008,
pp. 443-446.
12. Y. Meir, E. Jerby, “Localized rapid heating by lowpower solid-state microwave-drill,” IEEE-MTT Trans.
Microw. The. & Tech., Vol. 60, pp. 2665-2672, 2012.
13. Y. Meir, E. Jerby, "Thermite-powder ignition by
electrically-coupled localized microwaves," Combust.
Flame, Vol. 159, pp. 2474–2479, 2012.
14. P. Korpas et al, “Application study of new solid-state
high-power microwave sources for efficiency
improvement of commercial domestic ovens,” Proc.
IMPI 47 Annual Microwave Power Symposium,
Rhode Island, 2013.
15. A. Imtiaz et al., “A high power high efficiency
integrated solid-state microwave heating structure for
portable diagnostic healthcare applications,” Proc.
IEEE MTT-S, London UK, pp. 1–3, 2014.
16. P. Korpas, et al. ” Effects of applying a frequency and
phase-shift efficiency optimization algorithm to a
solid-state microwave oven,” Proc. 20 Intern. Conf.
on Microwaves, Radar, and Wireless Comm., Lviv,
Ukraine, pp. 1-4, 2014.
17. V. Yakovlev, “Frequency control over the heating
patterns in a solid-state dual-source microwave oven,”
Int'l Microwave Symposium (IMS), IEEE MTT-S,
Phoenix, AZ, 2015.

18. http://cache.nxp.com/files/rf_if/doc/white_paper/VOLUME
TRIC_COOKING_GOJI_TECH.pdf?fsrch=1&sr=2&pageNum=1
19. http://www.designnews.com/document.asp?doc_id=277959
20. http://www.nxp.com/products/rf/rf-sage:RF-SAGE-PG

About the Author:
Eli Schwartz received his M.Sc. degree
in electrical engineering at Tel Aviv
University. He worked on solid-state
microwave
heaters
under
the
supervision of Prof. Eli Jerby in the
years 2005-2006. Mr. Schwartz is
currently a senior RFIC engineer at DSP
Group in the R&D division, working on next-generation
mobile wireless solutions such as CMOS RF power
amplifiers. Prior to that, he held various RFIC positions at
Intel, working on millimeter-wave circuits.
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Recent Developments in Solid-State Microwave Heating
John F. Gerling
Gerling Applied Engineering, Inc. (a Muegge GmbH company)
PO Box 580816 Modesto, CA 95358
Email: john.gerling@muegge-gerling.com

The first in this two-article series on solid-state
technology for microwave power generation
and applications was published just over two
years ago in AMPERE Newsletter (Issue 80,
March 2014)1. Since then, the industry
landscape has changed as leading device
manufacturers jockey for position. NXP
announced in March of last year an agreement
with Freescale to a merger2, then a few months
later announced the spin-off of its RF-Power
business unit to a Chinese state-owned
investment company3. Both transactions were
completed in December, shortly followed by
the creation of Ampleon from the former NXP
business unit. NXP and Ampleon now produce
the lion’s share of high-power RF transistors
for ISM applications, while a handful of other
manufacturers (e.g. Qorvo, Wolfspeed,
Toshiba, Sumitomo) focus primarily on telecom
and defense markets.
Device performance has improved but
perhaps not at a pace some might have
expected. Indeed, only a few years ago,
breakthroughs in transistor manufacturing
technologies enabled a leap in output power to
250 W for a single S-band (2.4-2.5 GHz)
device. Distributors are now quoting price and
delivery from stock for 300-W devices4, such as
shown in Figure 1. Such progress is certainly
welcome but perhaps not quite enough to
significantly
challenge
magnetrons
for
dominance in microwave generators.

Figure 1. A 300-W, 2.4-2.5 GHz RF-power transistor by
Ampeleon4.

While LDMOS (laterally-diffused metaloxide semiconductor) is still the state-of-the-art
technology for high-power RF transistors,
apparently it may be relatively low
manufacturing yields that result in a wide range
of prices for the same device. According to
sales sources, a lengthy qualification protocol
for 250-W RF transistors results in prices as
high as €140/piece, which may be acceptable
for industrial microwave sources requiring high
performance and reliability. In contrast, the
same device may be purchased for as low as €8
in high volume but without the rigorous
qualification testing, yielding in a wide range of
performance (as low as 200-W output) and,
presumably,
potentially
reduced
life
expectancy. This “you get what you pay for”
compromise may indeed be manageable for use
in consumer appliances.
Not surprisingly, both NXP and Ampleon
see a bright future for solid-state devices in
consumer microwave appliances. NXP is
promoting its Sage RF cooker5 (Figure 2), a
compact appliance that takes advantage of the
inherent versatility of solid-state RF source
compared to larger conventional heat sources.
While only a design concept, Sage illustrates
some of the possibilities available to appliance
developers.

Figure 2. NXP’s Sage concept RF cooker5.
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Not to be outdone, in March of this year
Ampleon and Chinese appliance manufacturer
Midea jointly introduced what they believe to
be the world’s first commercially available
solid-state microwave oven (Figure 3)
following a year-long collaboration between the
two companies6. At a rated 200-W power it
appears to be a good application for the lowcost devices mentioned above. While
distribution channels seem to be rather stealthy,
this author hopes to be one of the first to take
this ground-breaking appliance for a spin
around the block.
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Figure 4. Prototype coaxial resonator for plasma
automotive ignition8.

Previously
reported
commercially
available 2.45-GHz solid-state microwave
generators included products offered by Sairem
(200 W) and MKS (450 W). More recently,
Chinese manufacturer Chengdu Wattsine
introduced a line of generators delivering up to
1 kW output power (Figure 5), while German
manufacturer Muegge plans to offer a 900-W
product later this year (Figure 6). New products
displayed at the recent IMPI-50 Symposium
include products by Ampleon, MKS, and
Richardson Electronics, delivering up to 1.2kW output microwave power.

Figure 3. Microwave oven with solid state RF source
developed jointly by Midea and NXP6.

Of course, consumer microwave appliances may not be the only “killer app” for high
power solid-state RF sources. NXP has
investigated methods for plasma ignition in
automotive internal combustion engines7. The
business end of this technology is a High-Q
coaxial resonator configured as a typical spark
plug (Figure 4). Plasma ignition has been
demonstrated to have significant benefits over
conventional methods, but due to difficulties
associated with frequency sensitivity practical
implementation has not been possible using
magnetron
based
sources.
Solid-state
technology overcomes these difficulties by near
instantaneous
real-time
impedance
measurement and frequency adjustment to
optimize coupling efficiency and operational
stability.

Figure 5. Solid-state microwave generator manufactured
by Chengdu Wattsine9.

Figure 6. Concept rendering of the SSMG to be
introduced by Muegge (courtesy Muegge GmbH).

As further evidence that high power solidstate RF technology is gaining momentum, a
number of influential players in the microwave
heating industry banded together in October
9
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2014 to form the RF Energy Alliance
(RFEA)10, a non-profit association “dedicated
to realizing solid-state RF energy’s true
potential as a clean, highly efficient and
controllable heat and power source.” The
membership of this organization is truly
impressive, comprising major manufacturers
representing a broad range of consumer and
industrial markets.
No doubt that high-power solid-state RF
technology will have a continually growing
impact on our daily lives.
For further reading:
1. See Pages 3-9 at:
drive.google.com/file/d/0B6OqoiA18sYDVzZqLVpza
WYwREE/view
2. www.wsj.com/articles/nxp-freescale-agree-tomerger-1425245923
3. media.nxp.com/phoenix.zhtml?c=254228&p=irolnewsArticle&ID=2118055
4. www.ampleon.com/products/rf-energy/2.45-ghz-rfpower-amplifiers/BLC2425M8LS300P.html
5. www.nxp.com/products/rf/rf-sage:RF-SAGE-PG
6. www.ampleon.com/news/news-articles/ampleonand-midea-collaboration-results-in-world-s-firstsolid-state-oven.html
7. R. Williams, Y. Ikeda, “Real-time impedance
measurement and frequency control in an
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automotive plasma ignition system,” 2015 IEEE MTT-S
Int’l Microwave Symp., May 2015.
8. www.rfglobalnet.com/doc/noteworthy-technologiesfrom-ims-0001
9. www.wattsine.com/power-source/solid-statemw1.html
10. See an article by K. Werner in this issue.

About the Author:
John F. Gerling has over 30 years of
experience
in
engineering
and
development
of
products
for
microwave heating in consumer,
commercial, industrial and scientific
applications. His work has included
engineering and development of
standard and custom products, such as microwave
clothes dryers, vending ovens, single and multimode
applicators, batch cavity and conveyor systems,
instrumentation and process controls. Mr. Gerling’s
work has led to the development of novel apparatus and
methods used in basic materials science and research.
Mr. Gerling is the founder and the Vice President of
Gerling Applied Engineering (GAE) Inc. (Modesto, USA),
which was acquired in July 2015 by Muegge GmbH
(Reichelsheim, Germany), a leading manufacturer of
microwave equipment for industrial heating and plasma
processing. Mr. Gerling is also a leading member of
several professional associations, including the
International Microwave Power Institute (IMPI) and the
Microwave Working Group.
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RF Energy Alliance:
Advancing Next Generation Microwave Heating Applications
Klaus Werner
RF Energy Alliance (www.rfenergy.org)
Email: klaus.werner@rfenergy.org

Solid-state generated radio frequency (RF) is a
well-known technical concept. All modern
communications, including cellular telecommunications, radio and video broadcasting,
Wi-Fi and Bluetooth, make use of complex,
highly modulated RF signals, which are created
and amplified by solid-state, semiconductorbased devices (Figure 1). For reasons of
reliability
and
functionality,
solid-state
technology eventually replaced legacy, tubebased technologies for the purposes of data
transmission1.

a SSRFE system’s ability to assess feedback
from forward and reflected power levels. This
allows the application to easily measure and
track the energy levels being put into the load.

Figure 2. Magnetron-tube powered RF energy application.

Figure 1. Typical RF data transmission block diagram.

Solid-state RF technology can also be
used to “power” a localized chemical or
physical process, rather than to transmit data.
With an ever-increasing performance-to-price
ratio, the practical use cases of solid-state RF
energy (SSRFE) are expanding to heating and
power delivery applications, such as industrial
heating and consumer microwave ovens2,3.
These high barrier markets, currently dominated
by cheap magnetron RF sources, are beginning
to see SSRFE developments and projects taking
hold. Additionally, SSRFE’s capabilities are
making it an increasingly attractive option in
fields once considered inaccessible for RF
powered systems (e.g., automotive ignition4 and
medical cancer treatment5).
Solid-State RF Energy – the Difference Maker
The design and performance differences
between SSRFE and tube-driven heating
applications are significant and wide ranging
(Figures 2 and 3). The first notable distinction is

Another important difference is the
capability of an SSRFE application to alter
frequency within the ISM (industrial, scientific
and medical) unlicensed frequency band. As an
SSRFE system’s controller determines the
precise load conditions during operation via
feedback, as mentioned early, it can also react
accordingly and adjust frequency as needed.

Figure 3. Solid-state powered RF energy application.

Aside from superior RF signal measurement and control, SSRFE modules feature
excellent reliability, scalability, and design
freedom with respect to form factor and system
integration. The combination of these features
lead to the following possibilities and
advantages over magnetron-powered systems:

11
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Great reproducibility and repeatability;
Precise control over power levels and energy
doses;
Enhanced process control – higher yields;
High reliability of the generator, with no
unpredicted down-time or production loss;
No single point of failure in industrial or
scientific systems;
Utilization of full ISM band band-width;
Dynamic frequency hopping and/or phase
shifting;
Homogeneous energy distribution inside the
system cavity;
Efficient use of the generated RF energy;
Very agile control of the RF signal
(frequency, phase, On/Off, gain, etc.);
Fast load condition feedback to tune RF signal
and process; e.g. prevent damage upon arcing;
Spectrally clean frequency source; predictive
use of frequency hops; benefit to co-existent
wireless communications technologies;
Low-voltage electronics – easier maintenance,
simpler integration, smaller form factor;
Compatible with electronics cost base.

An Alliance with a Mission, a Vision and a Plan
SSRFE’s target markets present ultra-high
volume opportunities for businesses operating
in the RF technology industry, and offer
alternative revenue potential to maturing
markets such as cellular infrastructure. While
SSRFE has massive potential, two main
challenges in particular still hamper its rapid
adoption.
The first obstacle lies in the fact that
current cost structures on reasonably powerful
SSRFE systems are limiting for consumer
markets. The second hurdle relates to the
specialized engineering knowledge needed to
design SSRFE systems, which is typically
lacking among RF engineers that are more
familiar with data transmission systems or
magnetron-based heating applications.
The RF Energy Alliance6 can resolve both
issues through the development standards for
SSRFE components, modules, interfaces and
systems for each target application, focusing
first on solid-state cooking. These specifications
will be backed by roadmaps to guide critical
elements in an application’s supply chain and to
aid design and implementation efforts. By
addressing
the
necessary
economical,
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technological, regulatory and organizational
challenges, our ever-expanding membership is
convinced that SSRFE technology will
successfully penetrate very high volume,
consumer-oriented markets in the near future.
Members of the RF Energy Alliance have
the opportunity to contribute to the evolution of
existing SSRFE applications as well as the
creation of new ones. Their profiles range from
OEM’s and suppliers to service providers and
institutions - all dedicated to realizing SSRFE’s
many possibilities. We encourage all companies
that are active in the solid-state RF generation
industry to join our movement. For information
about membership levels and instruction on
how to join, visit www.rfenergy.org/membership.
For further reading:
1. F.H. Raab, P. Asbeck, S. Cripps, P.B. Kenington, Z.B.
Popovic, N. Pothecary, J.F. Sevic, and N.O. Sokal,
“RF and microwave power amplifier and transmitter
technologies – Part 1,” High Frequency Electronics,
May 2003, pp. 22-36.
2. R.J. Meredith, Engineers’ Handbook of Industrial
Microwave Heating, IEE, 1998.
3. J. Thuery, Microwaves: Industrial, Scientific and
Medical Applications, Artech House, 1992.
4. K. Werner, H. Heuermann, and A. Sadeghfam, “The
potential of RF energy for the ignition of
microplasmas,” High Frequency Electronics, Nov.
2012, pp. 38-43.
5. J.F. Bakker, M.M. Paulides, A.H. Westra, H.
Schippers, and G.C. van Rhoon, “Design and test of
434 MHz multi-channel amplifier system for targeted
hyperthermia applicators,” Int. J. Hyperthermia,
March 2010; 26(2), pp. 158-170.
6. www.rfenergy.org
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Solid-State Heating with Advanced RF-Power Solutions
Gregory Durnan
RF Power Division, NXP Semiconductors, Chandler AZ, USA
E-mail: gregory.durnan@nxp.com

Introduction and background
NXP (until recently the Freescale RF power
division) has been involved for a number of
years in examining and nurturing the transition
of the heating industry from magnetron-sourced
RF power to what we consider to be a more
rugged and flexible solid-state alternative.
Initially, this consisted of a number of
magnetron replacement amplifiers and self
oscillating sources1-3. At that time, with the then
current LDMOS processes and devices, we were
achieving respectable results of 46% efficiency
for a 310W dual device magnetron replacement
solid-state oscillator. Since that time we have
continued to engage with the industry while
incrementally improving both device offerings
and adding systems and applications support
functions. At the 2014 International Microwave
Symposium, then Freescale announced the "RF
Power Tool", which consisted of a synthesized
source, PC software and digitally controlled
2.45-GHz power amplifier that was designed to
replace a slew of bench equipment that would
normally be required to control and assess the
performance of a single amplifier lineup. At the
time, we also demonstrated a consumer
microwave oven modified with this technology.
At the 2015 Freescale Technology Forum, we
presented our technical efforts4, and at the 2015
Int'l Microwave Symposium we went a step
further and presented a touch screen driven
consumer oven with accompanying cooking
demonstrations. At the recent Int'l Microwave
Symposium5 in 2016, we demonstrated one of
our current customer engagements by showing
our technology integrated into the Wayv
Adventurer portable battery powered RF food
heater6,7. At present, interested parties can
assess the current device lineup on the NXP
website8. Current component offerings consist
of the plastic packaged LDMOS MHT1003N
with typical PAE of 59% at 250W, and the
MHT1004N with typical PAE of 57.9% at
300W. To complement these final devices, the
MHT1006N (P1dB compression of 10W), and

MHT1008N (P1dB of 12.5W) driver devices are
available. Lineup's and application fixture data
are also available. We are also demonstrating
integrated solutions using the above parts and
the MKW40Z Kinetis wireless micro-controller
(MCU) combining RF source and MCU with a
MMA25312 low power pre-driver.
The solid-state design solution
At the recent 2016 Int'l Microwave Symposium,
NXP and competitors displayed a number of
oven concepts integrating their various RF
transistor technologies. This year, as opposed to
previous years, all demonstrations displayed
were portable in nature, presenting physical
form factors that would be difficult to achieve
with magnetron systems in addition to the
ability to operate under battery power. These
physical attributes define some of the immediate
applications that solid state lends itself well to.
But the promise of solid state also revolves
around an ability to improve some of the aspects
of microwave ovens that frustrate their use. That
aspect list would likely be topped by the often
inconsistency in heat distribution - that is some
food parts cooking well, and others remaining
undercooked. To counteract this, microwave
manufactures have various technologies in play,
including turntables and oven cavity shapes - for
example rounded cavity corners and oven wall
pressings. An examination of patent filings will
show the creativity in this area. Most oven
manufacturers today seem to have abandoned
the use and expense of additional mode stirrers.
In solid state ovens, however, it is possible to
affect active mode stirring without the expense
of mechanical stirrers through the use of both
frequency and phase adjustment of a number of
sources. The exact number and placement of
sources for stirring is best determined by the
electromagnetic modeling of the desired cavity
and/or by experimental validation. With good
application of the above methods NXP has been
able to show considerable improvements in
even cooking.
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Figure 1. Using a simulator (HFSS) to optimize
(for highest loss) a pan sized load for best power
distribution by adjusting antenna placement.

somewhat inferior in power coupling to the
cavity and hence efficiency of the system drops,
sometimes drastically for example in the case of
frozen food. So to summarize this point, there
are two predominant technical issues in play:

Figure 2. Colour
distribution with
(left), and (b) no
(right). The Blue
desiccant.

changing desiccant identifying power
(a) solid-state mode stirring enabled
mode-stirring in a magnetron system
areas have had water boiled out of

The second common issue with ovens is the
variable nature of cooking time, and is also
somewhat related to mode stirring. If the food
item is placed in a low electric-field point (a
heating cold spot) on the turn table, then most
likely it will take a different amount of time to
cook than the same item placed differently. In
addition, most consumer microwave ovens are
setup to pass the Int'l Electrotechnical
Commission IEC-60705 standard efficiency test
to an overall system efficiency number that is
currently approximately 56%, via a method
which consists of a large water load that
presents a good match to the waveguide coupled
magnetron. In practice, as shown in Table 1, it
is possible to repeatedly achieve ~90% or
greater simulated and measured cavity
efficiency (from antenna to water test).
In almost all other loading conditions, i.e.
most food cooked, the loading conditions are

(1) Spatial consistency of heating, or in
technical terms – mode stirring for an even
distribution of power.
(2) Variable efficiency of heating, or in
technical terms – adjusting source
parameters for load matching.
Spatial consistency can be fixed in the solid
state application as discussed above. In its
crudest form this may simply be a random
number generator picking frequencies and
phases at will, in order to create as much mode
chaos as possible in as many sources, and hence
as many modes as possible. The quality of the
random number generator is of utmost
importance here.
Variable efficiency of heating can also be
improved for loads other than well matched.
Basically we are looking to match our solidstate PA's into the cavity launches (antennas or
waveguide transitions) without the use of
discrete auto-tuners. This is possible again by
using the precise frequency and phase agility of
the solid-state source in combination with
return-loss measurements. This leads to the need
for optimization algorithms.
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Table 1. Measured Efficiency for a cavity driven by two RF power sources

Test
To (C)
1
25
2
25
3
24
4
24
Avg 4 test 24.5

Tf (C)
43
43
42
43
42.8

=
=
=
=

delta_T
18
18
18
19
18.3

Time (sec) Pabsorb (W) P_RFin (W)
240
314.0
362
240
314.0
361
240
314.0
351
240
331.5
366
240
318.4
360

Algorithmic pressures
Essentially when you have a microwave oven
with a number of sources, each with a phase,
frequency and amplitude parameter that needs
to be adjusted, you end up with a large
simultaneous system of equations with each
system row solving for return loss. Overall, you
are looking to solve and minimize the system
for low total average return loss and high power
transfer into all sources. With only one solidstate source your simultaneous system breaks
down and the chances of clear parameter
convergence, that is the chances of all
parameters being mutually inclusive, is high. As
the number of sources increases, or cavity
loading level decreases, then some mutual
exclusivity may come into play, and we end up
with a compromised solution. For best
compromise we can address standard methods
of optimization for these types of problems9 as
considered in Table 2.
An antenna measurement of the frequency
vs. return loss into a poorly loaded cavity, i.e.
empty or near empty, shows many narrow
modes of resonance separated by poor return
losses. Basically we need to find all the
reasonably well matched cases if we are going
to ensure good power transfer into the cavity,

Cavity Eff.
86.7%
87.0%
89.5%
90.6%
88.4%

such as implementing a 1-bit threshold detector.
Newton or Gradient methods that simply assess
curve slope and look for a minimum are not
going to be suitable as they will likely lock into
a local minimum. The Random method, which
basically suggests that we run a random number
generator for as long as reasonable, and try to
pick out the well matched cases, has a chance of
looking at every phase, frequency combination
for each source but will likely take a long time
and require a lot of data handling. For this
reason, conversion rate is poor.
This of course is only a small list of
possible methods in a very large area of
research, but the key point to note here is to
some extent conversion rate. With a good
number of sources (with each likely 250W or
perhaps 500W) collecting return loss data for
every phase and frequency setting of a source
will take considerable time. So it is a tradeoff
between complexity, data bandwidth, and
usability. If the user of an oven is going to place
food in an oven for 30 seconds, how long will
that user tolerate the oven looking for a best
match and evenness parameter setting condition
before doing the business of real cooking? So it
needs to be fast.

Table 2: A comparison of global iterative methods for optimization problems9
Method

Global
Capability

Discontinuous
Function

Nondifferentiable
Function

Conversion
Rate

Gradient

Poor

Poor

Poor

Good

Random

Fair

Good

Good

Poor

GA

Good

Good

Good

Poor

PSO

Good

Good

Good

Fair

Taguchi

Good

Good

Good

Good

SA

Good

Good

Good

Fair
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Active load-pulling and circulators
For cost conscious systems design, it could be
desirable to operate a PA without the use of
circulators that protect the final stage transistor
from being load pulled. The issue here is that
due to the highly reflective nature of the cavity,
if significant mutual coupling exists between
sources, then it's certainly possible to actively
load pull one PA from another (or itself), and
therefore we would need to de-embed the load
pull contour from our detector power
measurements (in order to correct measurement
data). As the number of sources goes up, this
becomes increasingly compromised.
At NXP we have managed to successfully
run circulator-free systems into a two source
cavity, however these were into more or less
perfect loading condition's (IEC test) whereupon
the sources were also naturally decoupled and
resistively matched. Using the algorithm to
decouple the sources, ensure maximum power
transfer, and affect some evenness, adds
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additional complexity and compromise, which
in many cases defeats the optimizer. It is an area
of continued interest however and certainly not
beyond the realms of possibility that it can be
solved via topology or similar investigations.
This brings into view scalar vs. vector
detection of forward and reflected power for
each source, but within the scope of this article
we have defined the optimization problem
essentially as return-loss minimization at a
resonant point (or points) which are naturally
resistive in nature, and have low enough return
losses (which being lost on a reactive SWR
circle is not of prime concern). But a look at the
load pulling relation will show that information
is being missed that may be necessary to deembed in certain demanding situations,
particularly poorly loaded (reactive) conditions.
Of course, ideally you can combine all of the
features in this article so far and attempt to
optimize it as a complete unit using linked
circuit and field simulators as in Fig. 4.

Figure 4. Simulating both system and cavity using the inbuilt optimizer and implementing all system phase and
frequency functions (ADS & HFSS).

Conclusions
An attempt has been made in this article to
present somewhat of a roadmap for enterprises
and research organizations when considering a
move to solid-state RF heating and when faced
with system architecture issues by leveraging
the NXP/Freescale experience thus far. As in
any system development activity, one tries to
align cost and time targets, internal tool chains,

and technical capabilities. An internal processor
platform preference and software tool chain
investment, together with vendor flexibility and
high operating margins, may lead one to select
the safer modular architecture and in other cases
costs may dictate integration at the expense of
risk and development time cycles. These are
questions for the seasoned systems architect.
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One possible approach to start is selection
and optimization of the cavity efficiency and
evenness for a given load condition, ideally
using one of a number of excellent simulation
tools available today. Overall power levels can
be chosen based on desired cooking times and
scale more or less linearly (as long as food
phase state changes are avoided i.e. boiling
conditions), as follows:

Pnew ∆tnew  Pknown ∆tknown
Once the location and number of sources
for a cavity shape has been determined for a
desired overall power level and evenness and
efficiency, it is possible to make decisions
regarding transistor device selection. If we
ignore ancillary losses in the system and assume
that when well matched the antenna or transition
is operating at close to maximum efficiency
(typically better than 95% for an air loaded
basic antenna element), then we can break the
system problem into a straight forward
efficiency calculation consisting of (a) cavity
efficiency, (b) PA efficiency, and (c) power
supply efficiency, as follows:

ηTotal = ηCavityη PAη PSU
In one example, if we achieve 59% PA
efficiency and use a 95% switch-mode power
supply, and achieve 95% cavity efficiency under
very good loading to IEC test specifications, we
achieve an efficiency of ηTotal = 53% , not that far
from consumer regulatory limits, and more than
suitable for many commercial and industrial
applications.
Whilst this article has provided somewhat
of a roadmap, details of implementation are
wide open to selection, from cavity size,
structure, source placement, specific improvements to optimization methods, not to mention
hardware modularity, additional sensors, and
food recipe development. All of these provide
prospective vendors opportunity for IP
protection and differentiation.
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For Further Reading:
1. Tiefeng, S., "Oscillator systems having annular
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with power booster" 7th European Microwave
Integrated Circuits Conference (EuMIC) (2012).
3. Tiefeng, S. & Kaldi, L. "High-power solid-state
oscillator for microwave oven applications"
IEEE/MTT-S Int'l Microwave Symposium (2012).
4. Watts, M. & Durnan, G., "Silicon Chef: The inside
story," Freescale Technology Forum (2015).
https://community.nxp.com/community/training/projec
ts/silicon-chef-the-inside-story,
5. Durnan, G., "Solid-state improvements in microwave
cooking", Int'l Microwave Symp., WFJ Workshop:
Power Amplifiers with variable loads. San Francisco
(2016).
6. http://www.wayvtech.com
7. http://www.nxp.com/about/our-customers/nxp-and-wayvenable-portable-rf-cooking:CASE-STUDY-WAYV
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9. Weng, W-C, Yang, F. & Elsherbeni, A., Electromagnetics and Antenna Optimization Using Taguchi's
Method, Morgan and Claypool (2008).
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Computer Modeling in the Development of Mechanisms of
Control over Microwave Heating in Solid-State Energy Systems
Vadim V. Yakovlev
The Industrial Microwave Modeling Group (IMMG), Center for Industrial Mathematics and Statistics (CIMS)
Department of Mathematical Sciences, Worcester Polytechnic Institute, Worcester, MA, USA
E-mail: vadim@wpi.edu

It is now commonly acknowledged that the
rapidly growing technology of generation of
microwave energy by solid-state semiconductor
chains may make a revolutionizing impact on
the entire field of microwave power
engineering1. The chief reason for this is the
potential capability of this technology to
maintain electronic control over the key
electromagnetic (EM) characteristics of
microwave heating systems. The possibility of
manipulating frequency, magnitude, and phase
of the signal is expected to essentially improve
controllability of microwave thermal processing
(in comparison with traditional magnetrons) in
terms of both of its key characteristics: energy
efficiency and distribution of heating patterns1,2.
The decisive factor in the increasing
adoption of solid-state power sources is the
recent progress in design of highly efficient,
low-cost solid-state amplifiers, made possible
by vital improvements in LDMOS and GaN
technology. The RF Energy Alliance (RFEA), a
non-profit technical association comprised of
companies dedicated to realizing solid-state
energy’s potential as a clean, efficient,
controllable source of power and heat3, has
recently set up the short-term goal of developing
sources with an output power of 300 W with
better than 70 % efficiency1. In May 2016,
MACOM announced the release of a GaN on Si
transistor with these characteristics4. The RFEA
anticipates impending achievement of the level
of $12 per module for sources of this type1. This
fast development has prompted such major
manufacturers of domestic microwave ovens as
Miele, Panasonic and Whirlpool to recently join
the RFEA in breaking down barriers to widemarket adoption by collaborating on methods
that reduce costs and complexities of solid-state
energy ovens.
In the meantime, while in commercial
publications there is no shortage of general
common-sense-based assertions about the

potential benefits of solid-state energy sources,
specific mechanisms of control over the heating
process still have to be developed. In such
development, the role played by computer
modeling may be crucial. Indeed, in the absence
of critical uncertainties caused by a magnetron’s
chaotic irradiation spectra depending on many
parameters of the process, in solid-state
systems, EM characteristics may be well
predictable if simulated with the use of adequate
and accurate computer models. In other words,
appropriately conducted virtual experimentation
may be a notable part of the development of
particular microwave heating processes5, and of
the design of practical applicators2,6.
The main characteristics which can be
routinely modeled with the use of advanced EM
modeling tools (based on finite element or
FDTD methods) are the scattering matrix
parameters (i.e., the reflection and transmission
coefficients) and distributions of the EM field in
the cavity, and of dissipated power within the
processed material. Consider a typical two-port
rectangular cavity1 containing a tray and a load,
as shown in Fig. 1. The tray is made of a low
loss dielectric (e.g., FR4). The rectangular load
(with rounded corners, made of a certain lossy
material) is centered on the tray. This scenario
mimics a two-feed solid-state microwave oven.
The illustrative computation showing essential
characteristics of this system was conducted
with an FDTD model7 and validated against
analytical results, as presented elsewhere2.
Simulation of frequency responses of the
reflection coefficients in both ports connected
with the empty system indicates that the
horizontal and vertical feeds excite different
resonant frequencies fri in the ISM band around
2.45 GHz; there are eight (i = 1, …, 8) of them,
and they are listed in the first row of Table 1.
Similarly to the reported results2, simulation of
EM fields at those resonances shows the electric
field distributions displayed in Fig. 2. The
18

AMPERE Newsletter

Issue 89

resulted field distributions in this case resemble
those of the eigen modes in the corresponding
rectangular resonator.
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Insertion of a lossy load in the cavity
dramatically changes the frequency characteristics of the reflection coefficients. For loads of
relatively small size and lower loss factor,
resonances shift and become wider (and their
number may increase, as in the cases of zirconia
and apple loads (see Table 1), but for larger
loads and higher loss factors, the curve may
even lose its resonant profile (for examples of
such characteristics, see Fig. 3 in Ref.2). The
level of energy coupling that is invoked by that
insertion is therefore conditioned by the
resulting value of the reflection coefficient,
rather than by the location of the load with
respect to the maxima or minima of the electric
field at some particular frequency.
Accordingly, profiles of dissipated power
Pd induced in the load are different at different
fr. Simulated distributions of Pd for four
resonant frequencies (at which the loads have
substantially better energy coupling) associated
with each feed are shown in Fig. 3. The patterns
are highly non-uniform, and some of them
dominate over others (e.g., for alumina, the
value of Pdmax in the pattern generated by Port I
at 2.470 GHz dominates it counterpart from Port
II at 2.447 GHz by 7.6 times). This is explained
by the depths of corresponding resonance: the
deeper the resonance, the higher the energy
coupling and the values of dissipated power in
the pattern.

Figure 1. A 3D view of the loaded rectangular cavity
Table 1. Resonant Frequencies in the System in Fig. 1:
Empty and Loaded Cavity*)

A = 612 mm, B = 400 mm, C = 300 mm, t = 10 mm, h = 55 mm;
Load: 50 x 50 x 20 mm, ports I & II: WR430, centered on facets

*)

(a)

(b)
Figure 2. Patterns of instantaneous electric field visualized in the coordinate planes at the resonant
frequencies in the empty system in Fig. 1 excited by Ports I (a) and II (b) in the ISM frequency range.
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Figure 3. Relative patterns of densities of dissipated power in the central horizontal plane through the loads
(50×50×10 mm) in the system in Fig. 1; each pattern is given along with the value of its resonant frequency fr (GHz)
and the maximum value of dissipated power Pdmax (× 10-3) (W/mm3) in that pattern.

The sensitivity of power density
distributions to small changes in frequency is a
well-known
effect;
it
was
explicitly
demonstrated, e.g. for a dielectric block in a
microwave oven8. However, that study was
carried out in order to characterize a particular
(measured) radiation spectrum of a particular
magnetron. Here, the solid-state microwave
system places the effect of frequency variation
of patterns of dissipated power in an essentially
dissimilar context. With full control over
frequency of generation, one can think of
regimes of thermal processing based on
frequency alterations that mix up heating
patterns of different profiles and effectively
smooth out the temperature hotspots in the load.
Computation of patterns of dissipated
power is a crucial and informative step in CAD
of processes and systems powered by solid-state
generation. Simulation of temperature fields
may add complications to the modeling project
as it requires computational tools for more
advanced multiphysics modeling in which an
EM solver is coupled with a thermal one
through the temperature-dependent characteristics of complex permittivity and thermal
parameters of the processed material (fully
defined in the operational temperature range).
Another issue is the thermal boundary
conditions whose choice may be not obvious for
a particular scenario and whose implementation
in the thermal solver may be not readily
available in many applicable multiphysics
simulators. However, for most practical
materials (characterized by not very high
thermal conductivity), the patterns of dissipated
power and temperature (at the initial stage of
heating) are very similar.

Figure 4. Relative patterns of densities of dissipated
power and temperature in the central horizontal plane
through the loads (50×50×10 mm) in the system in Fig. 1;
for the given frequencies f, each Pd pattern is presented
with the maximum value of dissipated power Pdmax
(W/mm3), and each T pattern is presented with the
maximum value of temperature in that pattern; initial
temperature of the process is 20oC.

This observation is illustrated by Fig. 4
where the Pd patterns, the output of EM
modeling, are compared with T patterns resulted
from the solution of the coupled EM-thermal
problem for two types of loads in the considered
system (Fig. 1). It is seen that the hot- and coldspot distributions, corresponding to lower
values of Pdmax, become gradually more spread
in the temperature profiles due to low coupling
with microwave energy, and the impact of
thermal conductivity. On the other hand,
distributions corresponding to higher Pdmax
remain almost unchanged, since coupling with
microwaves prevails over thermal conductivity
and the loads are heated in accordance with the
dissipated power profiles. This means that one
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can interpret patterns of dissipated power as the
worst (in terms of the level of non-uniformity)
temperature distribution which, in the course of
heating, can either stay the same, or become
more relaxed due to heat diffusion.
The considered computational results
illustrate why solid-state energy systems are
seen as a very promising technology in
microwave power engineering. Electronic
control over the frequency and magnitude of the
signal, in combination with multiple feeds
providing excitation of diverse modes in the
ISM frequency range, indeed seem to open the
horizon for practical techniques resolving the
issue of intrinsic non-uniformity of microwave
heating and making the process energy efficient.
It is also evident that computer modeling is
going to play a decisive role in the development
of specific mechanisms of applicable control.
For further reading:
1. K. Werner, “RF energy systems: realizing new
applications,” Microwave Journal, Vol. 58, No 12, pp.
22-34, December 2015.
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IEEE MTT-S Int’l Microwave Symp. Dig. (Phoenix,
AZ, May 2015), 978-1-4799-8275-2/15.
3. http://rfenergy.org/.
4. http://enewspro.penton.com/preview/microwavesrf/MWR
F-07/20160526_MWRF-07_808/display?elqTrack=true/.
5. E.M. Moon, C. Yang, V.V. Yakovlev, “Microwaveinduced temperature fields in cylindrical samples of
graphite powder – experimental and modeling
studies,” Int’l J. Heat & Mass Transfer, Vol. 87, No 8,
pp. 359-368, 2015.
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Abstract
Microwaves are frequently used to produce high density plasmas for industrial and laboratory
applications, because they present several advantages when compared to radio-frequency discharges
and discharges created using electrodes. Stable and reliable microwave plasma equipment based on
magnetrons, and designed for automatic control of the operating parameters has already proved its
efficiency in low temperature diamond deposition, exhaust gas abatement, thin-film deposition, etc.
However, larger-scale processing with high density and uniform plasma is mandatory for surface
treatments to get uniform etching or deposition rates. To meet these industrial requirements AuraWave, an ECR microwave plasma source operating in the 10-2–1 Pa pressure range, and Hi-Wave, a
collisional plasma source for higher pressure gas processing (i.e. 1 – 100 Pa) have been designed.
Furthermore, because each plasma source is powered by its own microwave solid-state generator,
multiple sources operating in different conditions (gas type, microwave power) can be distributed
together in the same reactor. In this design, the solid-state microwave generator can produce a
forward wave with variable frequency (2.4–2.5 GHz) which enables an automatic adjustment loop
of the reflected power, created occasionally by a change in the operating conditions. A Langmuir
probe has been used for the measurement of plasma density, uniformity, and electron temperature in
argon, oxygen, nitrogen and air.
Keywords:

Microwave plasma; solid-state technology; electron-cyclotron resonance; collisional regime; Langmuir probe.

Introduction
Microwaves combined with a static magnetic
field at low pressure can result in a highly
efficient electron-heating mechanism, the
Electron Cyclotron Resonance (ECR). The
resonance occurs when the frequency of the
electric field equals the gyration frequency of
the electrons in the magnetic field, and results in
a conical spiral motion of the electrons. At 2.45GHz microwave frequency, the resonant
condition is reached when B = 0.0875 T. As
such, the electrons gain considerable energy that
allows the ionization of neutral particles in the
gas, and breakdown the plasma due to cascade
reactions1.
ECR phenomenon is well-matched when
the electron collision frequency ν is small
compared to the angular frequency of the
applied electric field ω0 so that ν/ω0 = 10-2–10-4.
This way, the electrons accumulate high energy
between two collisions leading to low-pressure

plasma generation, typically in the range 10-2 –
1 Pa (10-4 – 10-2 mbar). Unlike ECR, the energy
gained by the electrons in the collisional regime
is the one imparted during collisions. Without
magnetic field, the work of an electron on a full
period of the applied microwave field is zero.
Consequently, the maximum transfer efficiency2
is obtained for ν = ω0, i.e. when an electron has
the highest chance to gain maximum energy of
the electric field while having maximum
probability to have a collision on the period of
the wave.
To overcome the limitations of the critical
plasma density, and increase the penetration
depth of the electromagnetic wave in the
plasma, new plasma sources based on solidstate microwave technology were developed:
Aura-Wave (ECR coaxial plasma source) and
Hi-Wave (magnet free, elementary collisional
plasma source).
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Both sources were designed to avoid
power-loss within their own structures, and to
be easily matched over wide operating
conditions3,4 without any additional tuning
system. Each source is connected to its own
200-W, 2.45-GHz microwave solid-state
(transistor-based) generator, which has very
good power stability and allows the frequency
of the emitted wave to be adjusted in the range
2.4–2.5 GHz for automatic impedance tuning5,
making it possible to control precisely the
power transmitted to the plasma. The low
mismatching created by changes in the
operating conditions can be compensated
automatically by the variation of the forwardwave frequency, which leads to a significant
extension of the operating-condition range of
the plasma sources.
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Experimental
The coaxial antenna using the electron cyclotron
resonance (Aura-Wave in Figure 1a) consists of
encapsulated cylindrical permanent magnets,
mounted in opposition within the coaxial
structure6. This arrangement enables to generate
a magnetic field in the direction of the center of
the plasma chamber and hence, limiting losses
on the walls. The source was designed to sustain
plasmas from 10-2 to 10 Pa, and to reach plasma
densities up to a few 1011 cm-3 in multisource
configuration (Fig. 1b) at 10 cm from the
source. The coaxial antenna based on collisional
heating called (Hi-Wave in Figure 1c) was
designed to sustain plasmas from 1 to 100 Pa
and to reach plasma densities of 1011 - 1012 cm-3
at 10 cm from the source, depending on the gas,
in multisource configuration (Figure 1d).

Figure 1. (a) Aura-Wave ECR microwave plasma source. (b) Multisource reactor consisting of 8 Aura-Wave
units (shown in argon for a total microwave power of 160 W at 1 Pa). (c) Hi-Wave collisional microwave
plasma source. (d) Multisource reactor consisting of 8 Hi-Wave units (shown in nitrogen for a total
microwave power of 1600 W at 10 Pa).
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The experimental setup used to perform the
experiments consists of a multisource plasma
reactor within which up to 9 Aura-Wave or HiWave plasma sources were installed (see Figure
2). Each plasma source was connected to its
own microwave solid-state generator (200-W
maximum power), which produces a wave with
variable frequency from 2.4 to 2.5 GHz (in 100
MHz steps). This setup allows control of both
the transmitted microwave power to each
plasma source by 1-W increments, and the
process parameters.
The solid-state microwave generators were
chosen due to the spectral quality, which is
considerably superior to that of a magnetron
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generator, whose frequency is dependent on the
magnetron geometry. During operation, the
frequency of the magnetron shifts due to metal
dilatation and therefore can depend on the
temperature and on the output microwave
power. The change of the output power of a
magnetron also impacts the quality of the
frequency spectrum. Magnetrons are known to
produce an acceptable spectrum between 10%
of their nominal power, up to full power. Due to
the fact that solid-state generators act like
amplifiers, they are able to produce an excellent
frequency spectrum over the full range of power
from the very first watts7.

Figure 2. The multisource plasma reactor with Langmuir-probe and Optical Emission Spectroscopy (OES) diagnostics.

Microwave plasma parameters were
measured with a Langmuir probe placed at two
heights, d = 85 mm and 160 mm, from the
plasma sources. A step motor moves the probe
linearly in direction z from 0 to 500 mm
position, to enable the evaluation of spatial
resolved plasma parameters, i.e. the plasma
density, electronic temperature and uniformity.
For the evaluation of the plasma density and
uniformity in a circular network, 8 Hi-Wave
plasma sources were tested (see the source
positions in the inset of Figure 3). The
microwave power supplied to each source is
200-W at 5-Pa pressure. The circular
configuration diameter is 247 mm. The resulted
plasma density profiles are plotted in Figure 3

for oxygen. Uniformity of 1.65% at d = 85 mm ,
and 1.8% at d = 160 mm , was measured over
250-mm diameter plasma.
Table 1 summarizes the comparison results
for Aura-Wave and Hi-Wave sources (8 sources
in circular network configuration) in different
gases. The Aura-Wave plasma source attains
densities >1011 cm-3 at d = 85 mm for each of
the gases tested (Ar, O2, N2, air), while the HiWave plasma source attains densities >1012 cm-3
in argon and densities >1011 cm-3 in molecular
gases (O2, N2, H2 and air). The plasma density
and the measured line intensity are both higher
with the Hi-Wave plasma source than those
measured with the Aura-Wave.
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Figure 3. Oxygen plasma density vs. distance and diameter at d = 85 mm and d = 160 mm from the Hi-wave source.

Table 1. Comparative results of Aura-Wave and Hi-Wave plasma sources
Plasma
source
type

Operating
pressure
range [Pa]

Min. MW power
to sustain
plasma [W]

AuraWave

~ 0.1 - 5

~ 1 - 50

HiWave

Max. plasma density x 1010 cm-3
9 sources, 1800 W, d = 85 mm
Ar

O2

N2

Air

Electron
temp.
[eV]

1-5

28

21

17

17

2.5 – 3.5

>10

207

28

30

22

1.5 - 2

Recent results8,9 show that uniform
deposition of nanocrystalline diamond on 4”
diameter can be obtained in H2–CH4 at
d = 50 mm from source plane using solely 4 HiWave units in a matrix configuration (with a
lattice mesh of a = 8 cm ). However, the AuraWave plasma source is more flexible in
operation, especially given that Aura-Wave
plasmas can be sustained with solely a few
watts, and they are easier to breakdown.
Moreover, an Aura-Wave can be used at lower
pressure, with higher electronic temperature,
meaning higher particle energy and, in case of
deposition processes, better layer adherence to
the substrate. Even if Hi-Wave shows good
tuning for wide operating conditions, AuraWave is more efficient on the whole pressure
and power range.

Plasma uniformity,
8 sources in circular
network
<4%, 200mm area
diameter, d=85mm
and d=160mm
<3%, 240mm area
diameter, d=85mm
and d=160mm
<1%, 200mm area
diameter, d=160mm

It has been proved that multiple Aura-Wave
or Hi-Wave microwave plasma sources can be
distributed together in the same reactor in
connection with industrial plasma scaling-up
requirements in order to obtain high uniformity
plasma over wide processing areas. The current
projects include the development of a reactor
which can host from 16 to 25 plasma sources in
various configurations. It is controlled by a
compact rack of solid-state microwave
generators with a touch screen and a userfriendly interface. At the moment, such a rack is
available for the control of 4 plasma sources,
individually or simultaneously upon user’s
choice.
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Solid-State Microwave Cooking
Robin Wesson
Ampleon Netherlands B.V., 6534 AV Nijmegen, The Netherlands
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Cooking by solid-state microwave systems has
been proposed and discussed over many years.
A number of patents from the 1970’s present the
concept of using RF amplifiers to heat food in a
solid-state microwave oven. As often happens,
the imagination of the global community of
inventors has been working out the exciting
possibilities of this new field well ahead of the
decades of hard work in semiconductor
processes that has been required to make it a
practical reality.
RF-power amplifiers are not the subject of
Moore’s famous extrapolation, which has
predicted the exponential growth in processing
power of the last fifty years. Making transistors
ever smaller with lower operating voltage is
great for digital circuit density, but for high
power amplifiers, big is beautiful. A single
high-power RF transistor can handle peak
currents large enough to start a small car.
Communications and radar applications
have been the big driving forces behind
transistor development, which are both high
value applications with (typically) high peak to
average power ratios. Solid-state cooking
(SSC), by contrast, has a peak to average power
ratio of 1, and, to be successful, must be
compatible with pricing of consumer ovens.
Generation after generation of LDMOS
transistor technology has been optimized for
current markets, leading to an LDMOS-law of
around 3% of efficiency improvement every 2-3
years. Like Moore’s law, this will slow as
physical limitations become apparent, but it has
been broadly valid for a decade. Through this
steady incremental increase in efficiency, and
accompanying power delivery capability,
semiconductor companies can now supply
devices that make good on the hopes of those
early inventors. History shows how quickly
transistors can completely replace valves when
such a tipping point is reached.
Technical capability is of course only half
of the story; cost targets must also be met to

reach a tipping point for new technology. As
consumers, we could all estimate for ourselves
what we would be willing to pay for a better
oven. While this of course depends on how
much better the appliance is, and what
difference it makes to our lives, it is bounded in
practice. If a breakthrough technology costs ten
times as much as an incumbent technology, a
few systems may be sold to soccer stars. If the
cost is double, perhaps we might expect single
digit percent market penetration could be
achieved. To corner a significant fraction of the
volume of the magnetron equipped oven market,
we might estimate that the cost at point of sale
must be somewhere between parity and double,
benefit dependent.
A virtual shopping exercise can be
performed on different segments of today’s
microwave market, the countertop and built-in
segments. Based on cumulative density function
(CDF) price analysis of 100 each type of oven
(Fig. 1), countertop microwave ovens today
range from sub $100 at the low end to a high
end in the range $500-$800. Prices for built-in
systems can exceed $8K. If SSC system
solution is compatible with an oven sales price
of $1000, we can assume that the full countertop
market is excluded but more than 80% of the
built-in oven types are theoretically accessible.

Figure 1. Price CDF's of two market sub-segments for
subsystem cost target estimation
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Considering the fact that oven ex-works
prices can be 1/3 of the high street price, and
allowing the SSC system to comprise 1/3 of the
manufacturing cost of the oven, we can make a
working estimate target cost of ~$100 for the
whole RF subsystem.
Of course, every consumer will make their
own estimates of acceptable cost for a better
cooking solution, and each manufacturer will
devise its own targets for subsystem cost based
on how much of which segments they wish to
enable with the new technology. The estimation
process undertaken here simply gives an
indication that even if the RF power transistor
was free, a lot of other cost optimization work
needs to be done to make the volume SSC
market a reality.
Cost, efficiency and thermal performance
are three key parameters for solid-state devices
for this new market. The lower the electrical
efficiency, the greater the thermal design
challenge, which is relevant at all stages from
the die to the kitchen. Lower cost transistors
with lower cost materials must have high peak
efficiency and excellent thermal properties.
However, it does not stop there. The RF heating
amplifier must dissipate many times the heat
energy of a comparable base-station amplifier,
as shown by comparing the estimates in Tables
1 and 2.
Table 1: Thermal and efficiency characteristics of a
typical base-station PA
P-out
Frequency
Peak to average power ratio (PAPR)
Peak efficiency
Efficiency at average power
Peak power
Thermal dissipation

40
2,140
8
45
252
49

W
MHz
dB
%
W
W

The requirement for high efficiency at
average power levels for complex amplitude
and phase modulated communication waveforms has driven semiconductor device
optimization towards efficiency in load
modulation architectures, such as the Doherty or
Outphasing PA, with low average power
dissipation being more important than low peak
power dissipation.
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Table 2. Thermal and efficiency characteristics of a
typical RF-energy PA
P-out
Frequency
PAPR
Peak efficiency
Efficiency at average power
Peak power
Thermal dissipation

250
2,450
0
60
250
167

W
MHz
dB
%
W
W

RF power delivery applications have very
different
requirements
including higher
frequency, emphasis on efficiency at peak
power (rather than average power), and
significantly
increased
thermal
transfer
capability, all at lower cost.
Lower cost, higher efficiency and improved
thermal capability are all being delivered at the
device level, as semiconductor companies push
towards 65% efficient 250W low-cost solutions,
but what of the rest of the system?
Power amplifiers

The power amplifier (PA) must also be low
cost. Many of the standard design and
construction techniques used in base-stations are
likely to be too expensive for truly low cost
amplifier production. High performance
substrates are almost universally used in power
amplifiers, and copper heatsink ‘coins’ are used
to spread the heat from the power device into a
thermally poorer aluminum heatsink. Low cost
circuit boards are typically multiple layer FR4
assemblies with high functional density, but
poorly controlled impedances. Coins require an
extra assembly step that reduces yield, takes a
lot of time (thermal mass), and requires an extra
assembly station. Further, todays PA’s are often
tuned in production with many ‘soft-pot’
settings used to configure gain ranges and bias
settings during production, and parametric test
stations are needed to verify correct assembly.
Both steps require interface hardware to be
included in the design, and add significantly to
the production minutes for every module
produced.
One body of knowledge exists today relating
to production of high volume low cost
electronics. Another body of knowledge is
available on high performance PA design and
production, but today these two have, to the best
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of our knowledge, never truly been mixed. A
new way of producing PA’s is needed to enable
consumer high-power RF market opportunities
(at least for the non-footballers amongst us).
Without access to a crystal ball, we can only try
to predict some of the key focus areas for effort:
- High power PA assembly without a coin
- Zero tuning PA production
- Zero test PA production
- Minimizing high performance substrate
content
- Maximizing use of high density multi-layer
FR4 technology
- Minimum use of expensive metals like
copper and gold
- Smaller PA modules to reduce materials cost
All of which must be achieved while improving
thermal dissipation behavior compared to
today’s PA modules for pulsed or high peak to
average signals.
Power supplies
Today’s microwave ovens use a stepped up AC
power arrangement, which requires a heavy but
simple transformer-based power supply. Power
amplifiers need DC supplies that must be
generated using high efficiency AC to DC
converters. The efficiency of the PA is
multiplied by the efficiency of the converter, so
both should be high performance and low cost.
Microwave ovens today are rated by the
power they can deliver into a 1-liter water load.
Both the wattage and the efficiency of the
microwave are advertised at point of sale and
are derived from the same simple IEC-705
heating test. A common power rating of 1,000W
means 1,000W can actually be delivered into a
good load in the oven. This typically equates to
around 1,150W at the output of the magnetron,
and ~1,600W AC. Overall system efficiency is
impacted by the efficiency of energy transfer to
the load, inherent magnetron efficiency and
power supply efficiency. RF amplifiers with
1,150W RF output power and 60% efficiency
need a DC supply capable of supplying 60A at
32V. Power supply (PS) efficiency of 90%
reduces the efficiency of RF power generation
to 54%. At these example levels, increasing the
PS efficiency by 1.5% achieves the same system
efficiency enhancement as 1% of RF power
transistor efficiency. High efficiency switchedmode power supplies also require high
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performance power transistors, demonstrating
that the SSC market is truly being enabled by
big transistors with high efficiency at low cost.
Excitation and Control
Systems will also need RF small signal
generators and control circuitry, which are
generally compatible with high density PCB
assembly, and should not be a significant barrier
to market development in the new field. The
control algorithms may vary dramatically in
complexity from application to application, and
may require more digital processing power than
today’s microwave ovens due to the enhanced
control variables and sensor complexity.
Cavities
An oven cavity, arbitrary food load included, is
a passive structure and can be analyzed like any
other passive structure. S-parameters are used
for optimizing microwave filters and other small
signal RF circuits, and so they can be useful for
understanding a cavity design. The same
techniques can also be used to track the
evolution of the cooking process as the food,
and therefore cavity behavior, is modified by
the cooking process. The S-parameter plots in
Fig. 2a,b,c show the same two port cavity
measured with a vector network analyzer
(VNA) with three different load states from
2,300 to 2,600 MHz. The load is an integral part
of the cavity, and the port characteristics and
field patterns change significantly when the load
is increased. A broad de-Qing of the cavity
occurs when a lossy load is incorporated into
the structure, and it can be clearly seen that
when cavity insertion loss (S21) is highest, port
reflection (S11, S22) is high also, suggesting that
cavity retained power management is a key
dimension of system operation.
Algorithms
Knowing how to operate an SSC system is
critical to results. Taking a reverse look at the
problem, a solid-state system is capable of much
greater stability of power delivery into a single
cavity mode which means a more stable pattern
of hotspots in the food. Much worse cooking is
possible with the added control of solid-state
systems than with legacy magnetron systems
with unstable frequency of operation can ever
achieve.
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(a)

(b)

(c)

Figure 2. S-parameter measurements for an empty (a),
partially loaded (b), and heavily loaded (c) cavity

The reverse example above demonstrates
why it is not meaningful to evaluate the SSC
performance without considering the effect of
the algorithm used, and why good algorithms
will be vital for product differentiation in future.
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Algorithms can be categorized along various
axes, as follows:
- Deterministic / Adaptive
- Coherent / Multi-frequency
- Sweep or S-parameter based learning
- Efficiency or diversity optimized
When considering algorithms for SSC, an early
question to ask is whether the food is repeatable
or variable. For well controlled foods located in
a repeatable position within a cavity, it is
possible to create a fixed-frequency phase and
power sequence that delivers an optimum result.
The enhanced stability and repeatability of RF
energy delivery compared to the free running
magnetron oscillator is the key enabler in this
scenario, along with the added control variables
that allow more field patterns to be generated
and evaluated for inclusion.
For general cooking purposes, the food is
not well controlled in shape, size and material
content, so it is not possible to pre-prepare an
optimal heating sequence in the lab. Generalized
algorithms must be created for general cooking
purposes. Generalized algorithms can still
follow a prescribed sequence, hardcoded in the
oven firmware, but it can be advantageous to
integrate input from all sensor channels to create
an adaptive heating sequence that responds to
the cavity environment for any food type.
The plots in Fig. 2 were taken with a VNA,
but Ampleon’s demo systems integrate the
measurements of cavity power delivery into an
oven. Detailed ‘fingerprints’ of the load can be
sensed in this way, which provide feedback
from the changing dielectric and structural
properties of the food as cooking proceeds.
Optimizing heating algorithms for a food
type is primarily an empirical affair, extending
the techniques used for optimizing magnetron
oven cooking with the extra dimensions of
control available. Magnetron based ovens are
optimized by tuning the port match and location
by ‘metal shaping’ methods. Each configuration
is tested with a range of food types, and the
performance is quantified to allow results to be
compared. SSC systems still require antennae,
which also need tuning into the cavity, and the
antenna placement still affects the range of
possible field configurations. However, instead
of (typically) only one feed point with poor
frequency control, the system can have multiple
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feed points with accurate frequency and phase
control, as well as accurate, repeatable power
control. Power amplifiers, just like magnetrons,
suffer from a small loss of power output as the
internal temperatures increase during extended
use. However, the magnetron can only run ‘flat
out’ whereas incorporation of power sensors
and linear power control allow a power
amplifier to be operated just below peak power.
As the amplifier heats up, perhaps when
multiple ready meals are heated sequentially,
there is margin left to continue to deliver the
rated power of the oven. The system is able to
cook more repeatedly from test to test simply
because the power is controlled.
In addition to the metal shaping techniques
that the current magnetron oven optimization
process is based on, solid-state ovens will
perform differently, depending on how the
power is used. This dimension of system tuning
simply does not exist for the incumbent
technology. In the future, multi-physical models
of food may be developed that allow a simulator
to predict the cooking quality of a prototype
cavity design and algorithm.
To achieve this, the simulator needs to be
able to convert EM-field patterns to thermal
input, and allow for heat flow in complex
structures comprising lossy non-homogenous
dielectric materials. Changes in both parameters
and structure of the food must be taken into
account such as a cake rising as bubbles form in
the batter. Such a familiar process is physically
quite complex, involving structural changes,
fluid flow, phase transitions and chemical
changes.
Once libraries of food models are available
with all the right processes incorporated, the
capabilities of EM simulators will need to be
modified. Solving a structure for field
distribution at one frequency is just the
beginning, as the simulator must be able to
predict the heating effect of the algorithm in the
form of multiple constantly changing variables
affecting cavity field excitation over time.
Further, variable cavity port impedances can
affect each amplifiers power delivery which in
turn affects the cavity fields and port
impedances. Simulating this requires power
amplifier load pull simulation to be integrated
with food and cavity simulation.
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Until a single simulation platform is
capable of all of this, solid-state oven
development will remain a mixture of
theoretical insight with practical experience and,
like so much of RF – something of a black art.
Demo system
To help explore new RF Energy applications,
Ampleon has developed a demo system (Fig. 3)
controlled via TCP/IP from high level software
such as Matlab or LabVIEW. This way of
working, along with a number of example
demonstration algorithms that can be used as a
start point for heating investigations, ensures a
rapid learning curve for teams interested in
evaluating these new and exciting techniques.

Figure 3. RF-energy demo system for R&D purposes

While it is not designed for low cost
production (Fig. 4), or to facilitate integration
into a cavity, more than twenty of these units
have been built, supporting the necessary bootstrapping of an entire new industry. However,
when the ‘replacement value’ of a solid state RF
system is taken into account, comparisons
should not be made with low volume demo
systems being used for R&D, even in terms of
system architecture. Future systems may need to
fit the model developed in the current
microwave market, which has implications for
module level functionality but also the shape of
the supply chain.
Today, most microwave manufacturers
source their magnetrons from only a handful of
suppliers, and these modules are very low cost.
The production and test of magnetrons has been
pared down to the minimum number of steps by
decades of competition.
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Figure 4. The demo system block diagram

Whilst it is unlikely that solid-state will
compete with the magnetron on absolute cost
terms in the near future, it is increasingly clear
that the control availability brings true
breakthrough potential in this industry, a view
supported by the number of R&D hours being
put in by teams in lab-kitchens around the
world.
If the supply chain for SSC does follow the
supply chain for magnetrons, huge volumes can
be the prize for the organization willing to learn
the necessary lessons to produce low cost
‘magnetrons’ by embedding a highly accurate
solid-state RF engine into a form factor familiar
to oven manufacturers today. Semiconductor
companies play an important initial role in this,
to ensure their products deliver the right
performance at a suitable price point. They can
also go above and beyond this by helping create
the key knowledge required in adjacent areas
such as system architecture, operational
algorithms and low-cost manufacture, but
ultimately all these choices will fall in the
domain of the manufacturer.
Conclusions
SSC is no longer an abstract future concept, as it
was when those first patents were drafted in the
1970’s. It is happening in a lab near you, and
momentum is gathering for the first volume
product launches. Two key pillars are involved.
Firstly, research into how to best use the
enhanced precision, additional control variables

and integrated measurement capabilities of solid
state technology. Secondly, cost down
investigations into mass production of
electronics that were in the past the preserve of
seldom seen applications and high-tech
companies.
For further reading:
Several manufacturers have developed oven
prototypes, but no information yet in the public
domain. However, early market entrants are:
1. Midea Inc. recently announced the launch of its first
product: www.everythingrf.com/News/details/2330ampleon-and-midea-develop-first-commerciallyavailable-rf-energy-oven
2. Ampleon Inc. has a white paper with more technical
background on the solid state cooking application,
available at: www.ampleon.com/white-paper-solidstate-cooking
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Localized Microwave-Heating by a Solid-State Applicator
Yehuda Meir
Faculty of Engineering, Tel Aviv University
E-mail: yehudam@post.tau.ac.il

The localized microwave-heating (LMH) effect
may accidentally occur, for instance in
microwave ovens, when a local thermal
instability is evolved in a form of a confined
hotspot (instead of the uniform volumetric
heating intended). The local temperature within
the hotspot may rise much faster and higher than
the surrounding, and possibly damage the
heated object.
In the contrary, in our studies at Tel Aviv
University, the LMH effect is intentionally
induced in a specific position on the object's
surface, in order to achieve the localized rapid
heating on purpose1. The intentional LMH
effect is further accelerated by the thermalrunaway instability caused by the temperaturedependence of the material properties2. The
localized unstable heating obtained is leading –
on purpose - to a phase transition, to liquid, gas,
or plasma3 state at the induced hotspot.
In practice, the LMH can be applied to the
substrate by an open-end coaxial applicator fed
by a solid-state generator4-6, as illustrated in Fig.
1. Such a compact solid-state LMH applicator
may have a variety of potential applications in
solids, powders and plasmas. One of them is the
microwave drill1, which is applicable for
various materials7, such as concrete, glass,
ceramics, basalts, polymers, silicon, and bones8.
Both experiments and theory show that the
thermal-runaway instability can be excited also
by relatively low microwave power, in the range
~10-100 W, hence by solid-state sources rather
than magnetrons6. Local melting may occur then
in a millimeter scale within seconds in the
various materials mentioned above4. The
relatively low power needed for open-end
coaxial applicators to excite LMH effects in
millimeter scales (typically below ~0.2 kW)
makes the solid-state generators (e.g. LDMOS)
suitable sources for LMH applicators4-6. This
compact solid-state scheme enables a new range
of portable LMH applications.
The experimental LMH device4 employs
an LDMOS amplifier in a positive-feedback
oscillator scheme6, and a miniature microwave-

drill applicator as illustrated in Fig. 1. It is made
by a coaxial open-end applicator with a 1-mm∅
movable electrode. The LDMOS-FET amplifier
(Freescale MRF 6S21140 evaluation board) is
tuned by the feedback loop to oscillate at 2.1
GHz. It can generate up to 140-W CW power,
controlled by the VGS and VDS voltages. The
transistor is protected from the microwave
reflections by an isolator. The incident and
reflected waves are detected by a reflectometer,
which consists of a directional coupler and
Schottky diodes.

Figure. 1. A solid-state LMH applicator4 consisting of a
open-end coaxial waveguide with a movable center
electrode which penetrates into the softened hotspot.
The solid-state generator consists of an LDMOS amplifier
with a positive feedback loop5,6.

The molten hotspot is observed e.g. in a
glass plate also via its rear surface. The
temperature profile evolved is detected there by
a thermal camera (FLIR E40) positioned as the
temperature sensor in Fig. 1. The theoretically
computed temperature profiles4 at the tip and
rear planes are shown for comparison. The
difference between the curves demonstrates the
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thermal diffusion through the 1-mm thick glass
plate. The hotspot confinement effect is clearly
seen in Fig. 2 and in Figs. 3a and b. The
experimental drilling results verify the rapid
heating effect, in agreement with the theoretical
model shown in Fig. 3a.
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ignition, and plasma ejection (e.g. in
microwave-induced breakdown spectroscopy
(MIBS) for material identification9).
Recent experiments in our laboratory also
show that metal powders can be effectively
heated by LMH10,11. Metal powder mixtures,
such as of pure aluminum and magnetite (or
hematite), may generate highly energetic
thermite reactions, which could be useful for a
variety of combustion and material processing
applications. However, their usage has been
limited by the difficult ignition of these
reactions. We recently found that LMH ignition
of thermite reactions is feasible and effective10.
The power required for thermite ignition by
LMH as demonstrated in Fig. 4 is ~0.1-kW for a
~3-s period. This power level can be easily
provided by a solid-state microwave generator.
Furthermore, in virtue of their zero-oxygen
balance, exothermic thermite reactions may also
be ignited by LMH underwater12,13.

Figure 2. The temperature profile detected on the rear
surface of a 1-mm thick glass plate by a thermal camera
(FLIR E40). The solid curves show the numerical
simulation result for the temparture profiles at the tip
and rear planes. The inset shows the FLIR image.

(a)

Figure 4. A flame ignited by solid-state LMH from
thermite powder10.

(b)

1 mm
Figure 3. LMH in glass irradiated by a coaxial, LDMOSbased microwave-drill applicator: (a) The simulated
spatial temperature and electric-field distributions at the
hotspot. (b) A ~1.6-mmØ hole made by LMH in glass.

Similar results were obtained for various
other material-processing applications by lowpower LMH devices, including local melting
(for surface treatments, chemical reactions,
joining, etc.), delicate drilling (e.g. of bones in
orthopedic operations), local evaporation,

Surface treatments by LMH may also
include thermite reactions for the conversion of
rust to iron and alumina11, and local doping of
silicon substrates by LMH14 (where the dopant
material, silver or aluminum, is incorporated in
these processes in the electrode tip, and diffuses
into the locally heated bulk, to form a submicron PN junction). These shallow-LMH
techniques open new possibilities for a variety
of surficial treatments and local surface
processing.
The LMH effect in metal powders is also
associated
with
internal
micro-plasma
breakdowns between the particles, which leads
to local melting and solidification of the metal
powder. These effects enable a potential LMH
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technique for stepwise 3-D printing and additive
manufacturing (AM)11.
The solid-state implementation in LMH
systems is the natural choice due to the inherent
energy concentration and high-power density
obtained. The solid-state incorporation reduces
the size, weight and operating voltage of the
LMH systems, and improves their spectral
characteristics, tunability and controllability.
Solid-state LMH can be implemented by
transistor-based
microwave
heaters
as
demonstrated by LDMOS microwave-drill4, and
it may provide in some case a low-cost
substitute for laser-based techniques.
To conclude, the solid-state LMH technology opens new possibilities for compact
devices, which could be useful for local melting,
ignition10, joining, powder production15,
additive manufacturing and 3D-printing10,
material identification9, and many other
applications included in the LMH paradigm16.
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Ricky's Afterthought:

A “Solid-State” Resurgence
A. C. (Ricky) Metaxas
AC Metaxas and Associates, Cambridge, UK,
E-mail: acm33@cam.ac.uk

The holy grail of microwave heating has, for a
long time, been whether solid-state devices will
ever replace magnetrons as power sources for
high-power industrial applications. Nobody
disputes the superior performance of transistors
as compared to magnetrons in terms of feedback
control, heating patterns, life expectancy, and so
on. The advantages are numerous, as stated by a
number of authors in this Special Issue.
Further, as the Editor commented, and
others reiterated in the articles that follow, the
introduction of solid-state devices for heating
was mooted well over fifty years ago and it was
expected that such systems would have made an
appearance into the market by the end of the 20th
century. Alas this did not happen.
Having attended the IMPI-50 Symposium, it
was evident that an enormous effort has been
placed in the quest for solid-state devices to
enter the heating/drying field of high-power
applications, which will no doubt include
tempering of foodstuffs, drying, waste
reprocessing and rubber vulcanisation. Let us
also accept that high-power industrial systems
using solid-state devices will outperform current
magnetron driven systems and that they are
reliable under harsh industrial conditions. Does
this mean therefore, that the high-power
magnetron is threatened by this resurgence of
solid-state devices? For the time being it is not,
and the reason is the unit cost of solid-state vs.
magnetrons. Name me a manufacturer of highpower microwave equipment who will be
willing to make a loss on a new application or
conversely a philanthropic industrialist who will
be willing to pay much more for a new
application if one adopts solid-state transistors
rather than the magnetron alternative. As long as
the price differential is maintained, magnetrons
will still be the preferred option however
superior the performance of the solid-state
alternative may turn out to be.
It is my firm belief that in the short term the
domestic/commercial microwave ovens will be
the beneficiaries of such a solid-state resurgence
and as production of these transistors increase so

the cost will gradually come down to the point
where large-scale microwave industrial systems
using transistors may become viable.
Four years ago, I witnessed a demonstration
of a commercial oven powered by four
transistors, each of 250W, cooking a variety of
foods from salmon to steak with vegetables, and
the results in terms texture and flavour were
excellent. I was told that within two years such a
system, at the time being tested extensively by a
prominent oven manufacturer, will make an
appearance in the market. Alas this thus far has
not materialised, although I am convinced it is
only a question of time, waiting for the right
economic conditions and the state of the market.
However, I am bound to reflect that if the
penetration of solid-state transistors struggles to
compete with magnetron usage in this area,
where volumes are extremely high, what hope
do these systems have in entering the field of
high-power industrial microwave heating? The
Editor states, I quote, “may be the good old
magnetron, after all, is a more practical solution
for basic heating needs”. Indeed for the majority
of heating applications this is the case. No doubt
for a specialised application requiring good
control, feedback capability from forward and
reversed powers, mode mixing, frequency
swapping within the ISM band, the solid-state
alternative is a viable proposition, and the user
will have to bear the cost differential. But this
does not apply to over 95% of the routine
industrial microwave heating applications, such
as tempering of foodstuffs, rubber curing and
drying of pharmaceuticals under vacuum.
So one is bound to ask why such
resurgence? Could it be that owing to recent restructuring of the communication and military
industries there is a huge number of highly
qualified microwave engineers looking for
alternative markets where their expertise will be
usefully deployed? I hope not and the drive
comes from the belief that solid-state systems
offer superior overall performance compared to
magnetron driven ones.
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An Interview with Mr. Bernard Krieger
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company in 1966 as an early developer of industrial microwave systems
for heavy industries and in particular automotive applications. Mr. Krieger
is the past President of IMPI and an IMPI Fellow. He is a founding member
of AMPERE and recipient of the Ampere Gold-Medal. He is also a founding
member of the Microwave Working Group and its President from its start
in 1995 through 2015 (as part of the founding team of the microwave
federation of worldwide microwave societies). Mr. Krieger holds a Master
degree from New York University. He served as a Captain in the U.S. Army.
(E-mail: bkrieger@coberelectronics.com)
Q. Congratulations, Mr. Krieger, for being
honored with the first Ampere Gold-Medal:

make microwaves fit with the hope that it
could give them a competitive advantage.

A. I do want to respond to Ampere with
thanks. I want to tell you that I am so very
proud to have been awarded the new Ampere
medal. I relish it and all of the global
friendships that I enjoy as part of the
microwave science community. I also
appreciate the kind words heard in connection
with my being awarded the Ampere medal at
the last meeting in Poland.

Q. How do you rationalize this situation ?

Q. Can you share with our readers any aspect of
your industrial microwave experience ?

I do have a philosophy about the microwave
industry and I will be glad to comment on that.
I have been in the microwave industry for very
long time. My company Cober Inc. is 50 years
old this year, and I of course am older than
that. My personal history doesn't really matter
to your audience but I believe that my vision
of the industrial microwave industry may be
helpful. I would like to explain that.
I mostly focus on people, customers, and
not necessarily on dielectric properties or
microwave frequencies. Industry wants to
improve their profitability by being more
efficient, more innovative, lower in cost and
more aggressive than their competitors. If they
can do that with microwaves, that would be
fine. At the same time, if they can accomplish
that by leaving their product dry in the sun,
that's even better. They want results! They are
not married to microwaves… At the same
time, our industry searches and evaluates
innumerable numbers of applications trying to

For me, it is important to comprehend the
problem that the customer is trying to solve
and do it from his viewpoint, while thinking in
my head “what would I do if I was in his
situation”. He is looking for an answer to a
problem and not simply a microwave answer.
This means to me that you should have good
knowledge of thermal processing, curing and
drying etc. To me, it doesn't make sense to tell
an industrialist that with microwaves he has
the advantage of selective heating. That
message only conveys the fact that
microwaves may not heat everything that the
manufacturer is producing. What if he is
processing materials that are loaded with
carbon today and have good dielectric
properties for microwaves but tomorrow he
may be processing something without carbon
and is white in color and it does not heat in a
microwave field. On the other hand, no matter
what he puts in a hot air oven gets hot for
100% of his products. Further, electrical
energy is expensive compared to gas and oil.
Q. How your company copes with such markets ?

We use microwaves for materials that are
fairly thick because of the microwave
penetration capability but also we use infrared
and high velocity hot air because they produce
a good result on the surface. Further, we make
sure our staff includes chemical engineers who
understand total processing and we have
electrical engineers because our machines
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communicate, are automated, user-friendly,
meet safety codes and are repairable by
factory technicians. We are answering a
processing, productivity and operating cost
question. That's what really matters. Data on
dielectric properties is not a substitute for
bottom-line results. It is with these concepts in
mind that I was one of the founders of the
microwave working group 20 years ago.

Upcoming Events
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Q. Thanks, Bernie, for sharing your views:

I hope your readership understands and
tolerates my business philosophy and that in
spite of it they won't ask me for my Ampere
medal back… They can't have it ! I won't give
it up for anything. Above all, it helps me
remember all of the wonderful people and
places that we have shared and continue to
share together.

19th Seminar on “Computer Modeling in Microwave
Power Engineering” dedicated to “Solid-State Energy
Generation: Modeling Systems and Applications”

3rd Global Congress on Microwave Energy
Applications (GCMEA)
July 25-29, 2016, Cartagena, Spain

March 9-10, 2017, Padua, Italy

http://cpcd.upct.es/3gcmea

www.wpi.edu/academics/math/CIMS/IMMG/

Call for Papers
AMPERE Newsletter welcomes submissions of articles,
briefs and news on topics of interest for the RF-andmicrowave heating community. These may include:
• Research briefs and discovery reports.
• Review articles on R&D trends and thematic issues.
• Technology-transfer and commercialization.
• Safety, RFI, and regulatory aspects.
• Technological and market forecasts.
• Comments, views, and visions.
• Interviews with leading innovators and experts.
• New projects, openings and hiring opportunities.
• Tutorials and technical notes.
• Social, cultural and historical aspects.
• Economical and practical considerations.
• Upcoming events, new books and papers.
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